The metal-organic molecule bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) (Cu-(CNdpm)2) (C24H36N2O4Cu, Cu(II)) is a copper spin-1 /2 system with a magnetic moment of 1.05 ( 0.04 µB/molecule, slightly smaller than the 1.215(0.02 µB/molecule for the larger size copper spin-1
Introduction
The interplay between spin and electronic structure is a central issue in the study of metal-organic and organometallic compounds and tends to result in an emphasis of Mn, Fe, Co, and Ni complexes. [1] [2] [3] Copper complexes, 3-8 particularly the diketonates, have been known for decades and offer an opportunity to investigate systems dominated by an unpaired spin, generally without the complexity of spin-orbit coupling. The copper complexes are also desirable because the ligands provide a "tunable" spacer length, flexibility, and orbital connectivity between the coordinately labile Cu 2+ ions. 3, 5 Ligand design, and the resulting coordination, is thus a critical component in fabricating extended Cu metal-organic structures, and many chelates are ambidentate (i.e., support secondary interactions). 3,4,9,10 The resulting self-assembled structures often exhibit extended order in three dimensions. 3, 9, 10 This can be important when either transport or magnetic properties are of interest. [3] [4] [5] [6] 11 Apart from the heavily investigated copper phthalocyanines, 7 only a few experimental studies of the electronic structure of adsorbed copper complexes have been undertaken. 4, 8 Inorganic precursors were constructed with -cyano diketones due to their high-symmetry and ability to promote metal acidity and increase dimensionality through electronically coupled secondary (i.e., dative) interactions. Although the † Dept. -cyano diketonates have not been heavily investigated, 9,12 we have chosen to study one such species, bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) (Cu(CNdpm) 2 ), i.e., C 24 H 36 N 2 O 4 Cu (Cu(II)), 9 because of the high vapor pressure (tens of milliTorr) and robust chemical stability that make this metal-organic suitable for electron spectroscopy studies. Nonetheless, this system has an electronic structure that we believe may be representative of an entire class of metal-organic compounds.
Experimental Section
Bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) (Cu-(CNdpm)2) (i.e., C24H36N2O4Cu (Cu(II))) was synthesized as described in ref 9 and isolated as large, blue block crystals (>1 cm on an edge) that exhibit high thermal stability (>400 K), decent volatilities, and nearly ideal tetragonal crystal symmetry. 9 The preparation of the related C36H48N4O4Cu·C4H8O (bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II) 4,4′-bipyridylethene-THF) is detailed in the Supporting Information. The solid-state structure of bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(II), illustrated in Figure 1 , exhibits overall molecular C2h symmetry with average Cu-O bond lengths of 1.92 Å.
9 Bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper-(II) 4,4′-bipyridylethene-THF is schematically shown in Figure 2 . The immediate coordination geometry about Cu(II) is a tetragonally distorted octahedron exhibiting four short Cu-O equatorial bonds and two trans axial Cu-N bonds. While the solid-state packing diagram for (Cu-(CNdpm)2) shows independent parallel chains linked by long intermolecular CusNC contacts (∼2.56 Å) (Figure 1) , there is no evidence supporting that molecules adsorbed onto single crystals of Cu(111) or epitaxial Co(111) overlayers adopt a similar structure. Similar intermolecular assemblies have been seen in other copper complexes. 4 Angle-resolved photoemission spectra (ARPES) were acquired at the U5UA undulator beamline at the National Synchrotron Light Source (NSLS). 13, 14 Linearly polarized light from an undulator source was monochromatized using a spherical grating monochromator (SGM) operating in the range 20-150 eV. The ultrahigh vacuum photoemission end-station was equipped with a commercial angle-resolved hemispherical electron energy analyzer (EA125, Omicron GmbH). The angular resolution was ∼(1°, while the combined energy resolution of the analyzer and the light source was approximately 150 meV or less. The photoemission spectra were taken at a 45°light incidence angle, with the photoelectrons collected normal to the surface. Core-level photoemission was undertaken in a separate ultrahigh vacuum system using a Mg KR fixed anode source and a Scienta 100 analyzer. All binding energies are referenced to the substrate Fermi level.
A clean Cu(111) surface was prepared by repeated cycles of Ar + ion sputtering and annealing of a Cu single crystal. Thick Co(111) films were grown in-situ on the clean Cu(111) substrate, at room temperature, by electron-beam evaporation. 15 As with our studies of the adsorbed metallocenes, 14 the C24H36N2O4Cu molecules were deposited on the Cu(111) or Co(111) surfaces at 100 K. Adequate C24H36N2O4Cu vapor pressure was obtained by subliming the molecule at a temperature of approximately 80°C. The choice of cobalt and copper substrates was dictated by the ease of preparation of crystalline epitaxial layers of cobalt grown on Cu(111), 15,16 while both metals have a nominally unpaired spin and a relatively a simple valence band structure. A second substrate (i.e., cobalt), with a lattice constant nearly identical with that of copper was essential so that photoemission could also be undertaken without the complications of copper contributions in resonant photoemission studies.
Magnetization measurements were obtained from the powder both in an extraction magnetometer and using a Quantum Design Physical Properties Measurement System with VSM and ACMS options for dc and ac data collection, at fields of 0 f 7 T and temperatures 2 K f 300 K. The ac susceptibility measurements were completed with H dc) 0 Oe, Hac) 3 Oe, and ν ) 9973 Hz. The sample holders were loaded and weighed inside a glovebox with less than 1 ppm H2O and O2. The necessary diamagnetic contributions, for the sample holder, were subtracted in the spectra presented.
Metal-Organic Cu Spin-1/2 Molecular Moment and Susceptibility
To establish that the copper ion in Cu(CNdpm) 2 is a Pauli spin-1/2 system in the nominally two plus oxidation state, Cu 2+ , magnetometry was undertaken over a range of temperatures. The Cu(CNdpm) 2 molecule, C 24 H 36 N 2 O 4 Cu (Cu(II)), has a magnetic moment of 1.05 ( 0.04 µ B as derived from the saturation magnetization of |M| ) 11.7-12.7 emu/g obtained at 2 K, as illustrated in Figure 3 . If the moment is due to the spin moment only, then the spin of Cu(CNdpm) 2 is estimated to be |S| ) 0.5-0.544, or close to a spin-1/2 system. The additional contribution to |S|, above 1 / 2 , suggests a ligand or orbital contribution to the spin moment, possibly through the Cu-O bond. Comparison with the larger C 36 H 48 N 4 O 4 Cu‚C 4 H 8 O species suggests that this is indeed the case. This is a similar argument as that of Akitsu 4 in which the strong electrostatic flux accompanying weak secondary interactions causes asymmetry of the Jahn-Teller distortion allowing communication between two metal centers by polarization on the Cu 1 / 2 center mixed into the CN orbital. 4, 5 With the larger ligand, the saturation magnetization of |M| ) 9.25 emu/g indicates that C 36 H 48 N 4 O 4 Cu‚C 4 H 8 O has a moment of 1.215 ( 0.02 µ B /Cu atom, as obtained from the saturation magnetization at 2 K (Figure 3 ). This suggests that as the moment is larger with the increased ligand size, there is some additional moment "pick-up" from the organic linkers. 4 If the orbital moment is assumed to be entirely suppressed, then the spin moment for C 36 H 48 N 4 O 4 Cu·C 4 H 8 O is |S|) 0.608.
The spin moment can also be estimated from the magnetic susceptibility. In Figure 4 , the inverse susceptibility, as a function of temperature, has been plotted for (a) the Cu-(CNdpm) 2 
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where N is the total number of paramagnetic entities/volume, g ) 2 is the Landé factor, µ B is the Bohr magnetron, k B is the Boltzmann constant, and S is the spin angular momentum quantum number (Curie's Law). The Curie constant C is therefore defined as
Using our values for the Curie constant, we estimate that |S| ) 0.5 for Cu(CNdpm) 2 and |S| ) 0.516 for C 36 H 48 N 4 O 4 Cu· C 4 H 8 O. The discrepancy between the |S| value for each molecule can be explained by the imperfect application of the Curie law in Figure 3 . This again suggests that the larger ligand may add to the total moment of the Cu molecular system. It is not only the ligand but also extramolecular interactions, through ligand interactions, that could affect the net magnetization.
The ac susceptibility is plotted in Figure 5 for Cu(CNdpm) 2 . The nearly zero slope from 2 to 40 K may indicate a paramagnetic response, while the negative slope in the region of 40 K onward indicates ferromagnetic exchange, at least between adjacent molecules. This signature of ferromagnetic exchange strongly implicates extramolecular interactions between adjacent molecules. Given that the magnetic moments remain widely separated in the crystal (Figure 1 ), dipolar interactions must be assumed to be very weak, so electronic interactions, possibly via ambidentate interactions, are implicated. We caution that ferromagnetic coupling does not demonstrate overall ferromagnetism. In some respects this extramolecular coupling, for the Cu(CNdpm) 2 reported here, is similar to the intramolecular antiferromagnetic coupling reported for [Cu II The study of the electronic structure of adsorbed Cu(CNdpm) 2 was undertaken and exhibited generally good agreement between experiment and expectations. The ultraviolet photoemission spectroscopy (UPS) for adsorbed Cu(CNdpm) 2 on clean epitaxial Co(111) films at 100 K (deposited on a Cu(111) single-crystal substrate) is illustrated in Figure 6 . Cu(CNdpm) 2 molecular orbitals appear at a coverage of only 0.5 molecular monolayers. With increasing Cu(CNdpm) 2 coverages, the molecular orbitals increase while the substrate cobalt bands are suppressed. Increasing the Cu(CNdpm) 2 molecular film thickness leads to a dramatic reduction of the characteristically sharp cobalt photoemission features near the Fermi edge, whose origin are the Co 3d bands. For very thick coverages of Cu(CNdpm) 2 , four distinct features emerge in the main peak of the molecule, centered around 6 eV, while another prominent density of states is evident at a binding energy of roughly 18 eV.
As seen in Figure 7 , the adsorption of Cu(CNdpm) 2 on Cu-(111) differs very little from Cu(CNdpm) 2 molecular adsorption on Co(111). Although there is considerable solid state and lifetime broadening in the photoemission, the spectra agree with theoretical expectations derived from a semiempirical calculation (PM3, in the unrestricted Hartree Fock method), plotted as the solid line in Figure 7 . molecule, using a 1 eV Gaussian applied to each molecular orbital (the vertical lines below, in Figure 7 ) without correcting for the substrate, final state, or matrix element effects, as has been done elsewhere. 2, 14, 18 The width of the photoemission features suggests either substantial lifetime broadening or significant solid-state (extramolecular) effects, such as photohole screening. These angle resolved photoemission spectra are only wave vector dependent (i.e. there is momentum resolution) if the molecular thin film is crystalline. While this might be the case, there is little dependence of the valence band features within 10 eV of the Fermi level, on the photon energy, apart from resonant photoemission effects at the Cu 2p shallow core threshold, as seen in Figure 8 . As indicated in Figure 7 , the strong copper weight molecular orbitals contribute to the photoemission features at about 4 eV binding energy. This assignment, suggested by theory, is supported by the resonant photoemission data which shows that this shoulder exhibits a strong resonant enhancement in the region of 79 eV photon energy, or at about the Cu 3p 1/2 threshold at 77 eV binding energy, as indicated in the insert in Figure 8 . Indeed the resonant enhancement at 79 eV is suggestive of a super Coster-Kronig resonance with a Fano line shape. Thus some molecular orbitals that contribute to the 4 eV binding energy feature must contain strong Cu weight contributions.
Both the photoemission data and theory indicate that the Cu-(CNdpm) 2 molecule has a significant HOMO-LUMO gap. The highest occupied molecular orbital (HOMO) for adsorbed Cu-(CNdpm) 2 appears at an energy of about 2 eV (or more) below the Fermi energy (E F ), in photoemission. Theory suggests a HOMO-LUMO gap of about 7.8 eV, which is not reduced with a larger number of molecules interacting through the bidentate cyanide of adjacent molecules, as indicated in Figure 1 .
Molecular thin films of adsorbed Cu(CNdpm) 2 are nominally insulating: adsorbed Cu(CNdpm) 2 has a large (multi eV) HOMO-LUMO gap and photoemission places the chemical potential well within the gap. In spite of the nominally insulating character of the molecular thin film, the core level photoemission suggests that the copper molecular orbitals of Cu(CNdpm) 2 are either delocalized or screened in the photoemission final state. The XPS Cu 2p photoemission for adsorbed Cu(CNdpm) 2 By way of comparison, upon decomposition, initiated by either photon or electron irradiation, we find that for the core level binding both C 36 H 48 N 4 O 4 Cu‚C 4 H 8 O and Cu(CNdpm) 2 exhibit 2p 3/2 binding energies increasing to 935 eV or more, indicative of a copper oxide insulator, with a weakly screened final state. The general absence of charging does suggest that hopping conduction may occur, from the substrate. If screening is the origin for the smaller than expected core level binding energies (for an insulator), both intra-and extramolecular interactions would certainly contribute. The extramolecular interactions would do much to enhance hopping conduction. Both intra-and extramolecular interactions are suggested by the magnetization data, as discussed above.
Conclusions
The metal-organic Cu(CNdpm) 2 and C 36 H 48 N 4 O 4 Cu‚C 4 H 8 O species are both spin-1/2 systems, as expected. The additional 5-20% increase in spin moment beyond that of a pure spin-1/2 system is a consequence of the delocalized molecular orbitals. The photoemission and susceptibility data suggest that adsorbed Cu(CNdpm) 2 exhibits extramolecular interactions, while preserving a significant HOMO-LUMO gap. These extramolecular interactions may be the origin of short-range ferromagnetic exchange. electronics Activity (DMEA) under agreement DMEA 90-02-2-0218. 
